Summary Nearly 80% of well-differentiated in situ duct carcinomas (g1 DCIS) have been shown to be multicentric (multilobar) lesions, while most in situ poorly differentiated duct carcinomas (g3 DCIS) were unifocal (unilobar) lesions. Here we present a clonality study of 15 cases of DCIS, all showing multiple foci. Twelve of these cases were associated with an invasive duct carcinoma. Fifteen cases of female breast cancer patients all showing multiple DCIS foci (5 g1 DCIS, 5 g2 DCIS, 5 g3 DCIS) were randomly selected and histologically studied using large histological sections. Care was taken to lasermicrodissect DCIS foci that were most distantly located from one another in the same large section, and pertinent cells were genetically studied. Invasive duct carcinoma and ipsilateral lymph node metastases and/or contralateral lesions, whenever present, were additionally microdissected. DNA of neoplastic cells was purified, and the mtDNA D-loop region was sequenced. Genetic distance of different foci from the same case was visualized by phylogenetic analyses using the neighbor-joining method. Patients ranged in age from 36 to 87 years (mean 65.1). All 9 cases of widely spread DCIS were not clonal. Four of 6 cases that showed multiple adjacent foci were clonally related on mtDNA analysis. In the present series, 11/15 DCIS appeared as multiple synchronous primary breast tumors, genetically not related to one another. The present data enhance the view that breast can also show the field cancerization phenomenon, paralleling what has already been proposed in other organs.
Introduction
Large histological sections (LHS) are very useful to study normal and neoplastic breast tissue [1] . LHS allow not only direct visualization of a large part of the breast glandular tree in one plane and enhance not only the correlation between mammography and pathology [2] , but also give pertinent reliable information on multifocality, difficult to obtain using conventional paraffin blocks [3, 4] . The breast parenchyma is subdivided into lobes, which are individual anatomical structures [5] , each formed by a single galactophore duct that branches into segmental, subsegmental and terminal ducts, all ending in numerous acini [6] . Terminal ducts together with their relative acini have been named the "terminal duct lobular unit" (TDLU) [7] . Utilizing LHS, it has been shown that in situ and invasive lobular carcinoma is a multifocal [8] neoplastic lesion in over 50% of cases [9] . A study of 45 patients with in situ duct carcinoma (DCIS) using LHS for multifocality [3] showed that grade 1 DCIS was, in nearly 80% of the cases, a widespread multifocal condition involving more than one lobe and/or quadrant, while grades 2 and 3 DCIS were more circumscribed lesions, mostly confined to one lobe. It was then stated that grade 1 DCIS, in terms of multifocality, was more similar to previous observations regarding lobular in situ neoplasia/lobular in situ carcinoma (LIN2/LIN) [3, 9] .
In a seminal study using LHS on a series of 574 consecutive newly diagnosed breast carcinomas, Tot et al [10] found 75 cases (13%) of pure DCIS, of which 12% were unifocal (involving a single TDLU), 10% multifocal (involving several distant TDLUs with uninvolved breast tissue in between) and 24% diffuse (mainly involving large ducts). In the same study, invasive duct carcinomas (IDC) were unifocal in 62% of cases, multifocal in 24% and widely spread in 5%.
The reported incidence of multifocality (and multicentricity) of DCIS ranges from 0% to 78% according to different authors [11] to the point that multicentricity was denied by Page et al. [12] , who stated that it is a misconception mostly related to artifacts. These remarkably different results for assessing the presence of multiple neoplastic foci in the same breast, obtained by different authors, appear to depend on the various methods of study employed, mostly based on traditional multiple-block sampling.
Although multifocality has been interpreted as the simultaneous presence of different neoplastic primaries in different lobes [3] , it was felt [9] that some cases escape this rule due to the complexity of the ductal breast tree [5] . In fact, there are lobes that spread over a wide space and can mix with adjacent lobes to such an extent that it is impossible to separate one from the other at the morphological level, even using LHS [5] .
The aim of this study was to try to find common or different mitochondrial DNA (mtDNA) mutations among multifocal DCIS that might reflect clonal or nonclonal features. The study was also extended to concurrent invasive carcinomas as well as metastases to axillary lymph nodes. For clonality, point mutations of the hypervariable D-loop region of mtDNA were studied by deep sequencing. Mutations were evidenced with phylogenetic analysis of neighbor-joining (NJ) trees [4, 13] .
Materials and methods

Patients
Fifteen randomly selected female patients, ranging in age from 36 to 87 years (mean 65.1) were included in the present study. All patients had undergone mastectomies histologically studied with LHS. Criteria for selection of cases were the following: (a) multiple TDLUs/ducts involved by DCIS present within the same LHS; (b) enough material for microdissection and molecular analysis; (c) 5 cases each of g1 DCIS, g2 DCIS and g3 DCIS [14] .
DCIS was graded according to current (2012) World Health Organization (WHO) criteria [11] . IDC, when present, was graded according to Elston and Ellis [15] . Nodal metastases, recurrences and contralateral lesions whenever present, were studied for clonal mtDNA analysis.
DCIS, per Tot's criteria [10, 16] , were considered unifocal when they involved several adjacent TDLUs, multifocal if they involved several distant TDLUs with uninvolved breast tissue in between, possibly containing normal glandular structures, and diffuse when large ducts were involved. IDC was considered unifocal when only one invasive area was observed in the large section, while it was considered multifocal when multiple invasive tumor areas were observed separated by uninvolved nonneoplastic breast tissue [10, 16] . No cases of diffuse IDC or invasive lobular carcinoma or LCIS/LIN were present.
Tissue processing
Parallel large 5 mm thick slices were obtained from each mastectomy specimen, a routine procedure in our laboratory since 1995 [1] . Care was taken to slice each section perpendicularly to the skin, under mammographic guidance. Slices were then fixed in 10% buffered formalin and paraffin embedded as routine. From each large paraffin block, one 8 μm hematoxylin and eosin-stained section was obtained [1] .
Microdissection
Two to 7 foci of DCIS from each case were lasermicrodissected for genetic study. Care was taken in capturing foci that were located at the farthest distance from one another in the same LHS.
Pertinent lesions were microdissected using the laser assisted SL μcut Microtest (MMI GmbH distributed by Nikon, Firenze, Italy). Ten-μm-thick sections were obtained, and unstained sections were deparaffinized with Bio-Clear (Bio-optica, Milan, Italy), rinsed in 100% to 80% ethanol and stained with hematoxylin and eosin. Breast glandular or epithelial tissue uninvolved by the neoplastic process and/or lymphocytes from reactive lymph nodes from the same case were also microdissected as control reference DNA. Tissue for microdissection from a pertinent block inclusive of the selected lesion was obtained from LHS. The block was melted and re-embedded to obtain the slide useful for the laser dissecting microscope.
The microdissected cells were placed in SL μcut Transfer Film (Nikon, Firenze, Italy), and the DNA was digested overnight at 55°C in 200 μL of tissue lysis buffer (ATL, QIAamp DNA Micro Kit, Qiagen GmbH, Hilden, Germany) containing 20 μL of proteinase K provided by the same supplier. A yeast carrier tRNA (Invitrogen, Milan, Italy) was added to the sample to improve DNA affinity with the subsequent isolation by Qiagen Spin Column (QIAamp DNA Micro Kit). Finally, DNA was eluted in 40 μL of ultrapure distilled water (DNAse/Rnase-free, Invitrogen) and immediately processed for polymerase chain reaction (PCR). An extraction control, to which no tissue was added, was processed in parallel with each sample extraction.
mtDNA deep sequencing and neighbor joining tree creation
DNA was purified and sequenced for the mtDNA D-loop region by the 454 Platform (GSJunior; Roche, Branford, CT). In brief, the mtDNA D-loop sequence analysis was performed by amplifying four segments of about 400 bp, covering the whole region from position 15 995 to position 700, according to Anderson et al [17] as described in the human mitochondrial database [18] . Primers were designed using Primer3 [19] , and their sequences are reported as Supplementary Table 1. These primers were selected to avoid amplification of human mitochondrial pseudogenes in the nuclear genome [20] . To generate amplicons for the 454 NGS library, fusion primers were designed to contain specific mtDNA primers, the A and B sequencing adapters and the key sequence required for 454 NGS, and one of 14 different 10 bp multiplex identifier barcodes, according to the manufacturer's GS FLX Standard sequencing method.
PCR reactions were performed in a 25 μL volume containing 5 pmol of each forward and reverse primer using KAPA HiFi HotStart DNA Polymerase, following the instructions of the provider (Kapa Biosystems, Woburn, MA). PCR products were separated by electrophoresis on 3% agarose gel and purified using the AmpPure kit (Agencourt; Beverly, MA). Sequencing analysis was then performed on purified products using the GS Junior sequencer (Roche; Branford, CT) following the recommendations of the provider. The strands were screened bidirectionally. Filters were set to display sequence variances occurring in at least 10 reads with a threshold of 10% mutant reads using Amplicon Variant Analyzer (v. 2.7, Roche).
Phylogenetic and cluster analyses were conducted using MEGA version 4.0 following the NJ method and Kimura-2 parameter with Gamma model that corrects for multiple hits, taking into account transitional and transversional substitution rates and differences in the sites' substitution rates [13, [21] [22] [23] . Every NJ tree was tested for standard error using the bootstrap method [13] . The genetic relationship among samples was determined taking into account their position in the phylogenetic tree together with the length of terminal branches, all regarded markers of genetic distance [23] . Multiple DCIS were considered clonal when they appeared to derive from the same tree node or if their tree path showed at the most one additional node with minimal branch length. Nonclonal DCIS samples were located in different branches of the root node or their path showed at least 2 different nodes. Samples of IDC as well as lymph node metastases were considered related or not related to the index DCIS or to each other taking into account their localization in the tree as well as branch lengths.
Results
The 15 patients here studied were female, ranging in age from 36 to 87 years (mean 65.1 years). The left breast was involved in 9, and the right in 6 cases. Mastectomies were preceded by preoperative vacuum-assisted core biopsies all diagnosed as B5 [14] . IDC was observed in 12 cases, and 6 cases had synchronous axillary nodal metastases. Follow-up was obtained in all cases, ranging from 1 to 11 years (mean 4.2 years). Two recurrences of invasive carcinoma were seen in case 9 at 12 and 24 months. Two cases presented distant metastases (cases 7 and 15 after 60 and 10 months, respectively). Contralateral DCIS and IDC were seen in 3 cases (cases 2, 3 and 6). Case 2 was synchronous, while cases 3 and 6 had previous contralateral tumors diagnosed, respectively, 24 and 12 months earlier (Table 1) .
Histology of DCIS
Multiple TDLUs/ducts involved by DCIS were present in all cases as this was one of the selection criteria. DCIS showed the same histological grade in every one of the several TDLUs/ducts present within the same LHS (Table 2) .
Eight cases (5 grade 1, 2 grade 2 and 1 grade 3) were multifocal, that is, located in several TDLUs separated by uninvolved breast glandular tissue, and one was multifocal and diffuse (case 10). The maximum distance between the involved ducts ranged from 12 to 72 mm (mean, 37.7 mm). Six cases (2 grade 2 and 4 grade 3) were considered unifocal because no uninvolved glandular tissue was present between the involved ducts. In these latter 6 cases, the maximum distance between the involved ducts ranged from 8 to 60 mm (mean, 31.8 mm).
Twelve cases showed concomitant areas of IDC, which was unifocal in all but one (case 2) that showed 2 different areas of IDC separated by uninvolved breast glandular tissue.
mtDNA analysis
mtDNA analysis results have been summarized in Table 2 , and complete phylogenetic trees are available in Supplementary Figures 1-3 . 1315 Field cancerization of duct breast carcinoma 3.2.1. Multifocal DCIS NJ trees derived from the deep sequencing of mitochondrial genome from all 8 cases classified as multifocal and case 10 classified as multifocal and diffuse on histology showed that the most distant foci were located in distant branches indicating phylogenetically different lesions ( Figs. 1 and 2 ).
Unifocal DCIS
In 4 out of 6 cases (cases 8, 11, 12, 13) classified as unifocal on histology, the multiple dissected foci appeared phylogenetically similar (Fig. 3) . In the remaining two cases (cases 7 and 15), the multiple foci were phylogenetically distant.
IDC
Eleven out of 12 cases showing IDC areas evidenced the invasive lesion phylogenetically related to at least one DCIS focus. Among these clonally related cases, 5 cases (cases 2, 4, 5, 7, 14) showed IDC phylogenetically related to the closer DCIS focus, and 3 cases (cases 8, 12, 13) showed IDC phylogenetically related to both foci of DCIS examined (the closest and the most distant). The only exception was case 11, where the IDC area appeared phylogenetically not related to the DCIS; nevertheless, the IDC area was located in a different quadrant with respect to the DCIS in this case.
Contralateral carcinomas
All the lesions located in the contralateral breast in cases 2, 3 and 6 were phylogenetically distant from their index lesions. In case 3, contralateral DCIS, IDC and axillary nodal metastases were phylogenetically related each other and different from the index lesion.
Lymph node metastases were located in a branch close to the related IDC in 3 out of 6 cases, while in three cases, they were phylogenetically distant from the related IDC. Skin recurrences of case 9 were related to the nodal metastasis.
Discussion
Several methods can be applied to evaluate clonality in tumor pathology. In the present study, the clonality assay was performed by mtDNA (D-loop) sequence analysis followed by neighbor-joining tree, which has been repeatedly validated in our laboratory [4, [24] [25] [26] . This approach was chosen as it is little affected by low-quality genetic material obtained from formalin and paraffin embedded tissues that hamper consistent results from the other commonly used methods, including array comparative hybridization and X-linked methylation analysis. In addition, nuclear genetic aberrations can give selective advantage to a tumor population and therefore the same changes can be found at the same time in different clones [27] . Furthermore, the analysis of a noncoding region like mtDNA D-loop is based on functionally silent mutations that are useful to indelibly mark each cell with a unique genetic fingerprint [28] . The high level of mutation rate in mtDNA also helps to increase the confidence of the test, avoiding false positive results stochastically obtained, as demonstrated by the bootstrap test [4, 13] .
Based on clonal analysis evaluated by mtDNA analysis, in the present series, all cases that were classified as multifocal DCIS on morphology appeared to be genetically different as the single DCIS foci were not clonally related to each other. On the contrary, 4 out of 6 cases regarded unifocal appeared to be clonal as the single DCIS foci were genetically related one another. Only 2 cases (cases 7 and 15) of the present series were exceptions to this rule. In spite of the fact that all the DCIS foci were contiguous, they did not appear to be clonally related. Therefore, in the present series, 11 out of 15 nonclonal DCIS can be considered multiple independent primary carcinomas.
The present data of multiple primary carcinomas suggest that the breast can be affected by the phenomenon called "field cancerization" by analogy with other organs [29, 30] . The term "field cancerization" was introduced in 1953 by Slaughter and co-workers [31] to explain the presence of multiple squamous cell carcinomas observed in different areas of the oral cavity, all associated with a preneoplastic lesion. This observation has recently been confirmed by molecular techniques [32] [33] [34] . The same observation has since been found applicable to several organs, including the breast, to explain simultaneous multiple primaries [30] .
The breast can be affected by multiple cancers located in different quadrants [11] . Eleven of the present DCIS were nonclonal, multiple independent in situ neoplasms. Similar results were shown by Volante et al [35] , who found that two cases of low-grade DCIS and 6 cases of lobular in situ carcinoma appeared nonclonally related. Bilateral invasive breast carcinomas when associated to DCIS are considered independent primary tumors [11] . This view is in keeping with case 2, which showed 2 distinct bilateral invasive carcinomas with different morphology (one case was IDC grade 2, while the second area was grade 1). Both carcinomas were nonclonal but contained a genetically related DCIS. The same condition was observed evaluating contralateral carcinomas (cases 2, 3, 6), which appeared to be not clonally related to the index lesions.
In organs where the concept of field cancerization has been accepted for a long time, the epithelium surrounding the invasive carcinoma often shows the features of preneoplastic lesions. The same features can be observed in the breast where the in situ carcinoma is frequently associated with invasive carcinoma. In a previous study on the three-dimensional reconstruction of invasive and in situ lobular carcinoma, it has been shown that 78.6% of the areas of invasive lobular carcinoma contained concomitant foci of in situ lobular carcinoma [9] . Similarly, a frequent association between IDC and concomitant DCIS in the same area has been demonstrated by the same group [3] ; the same results were obtained by Morandi et al [4, 26] and by Aulmann et al [36] using molecular techniques. These authors demonstrated that in situ and invasive breast carcinoma, when intermingled together, are clonal lesions, thus confirming the strict relationship between concomitant in situ and invasive carcinomas [4, 26] . Pertinently, in the present series, IDC areas were clonally related with at least one focus of DCIS.
Slaughter and coworkers [31] observed that in some cases, microscopic tumor foci grow independently and finally coalesce to produce a large carcinomatous lesion. In case 7 of the present series, DCIS and IDC, microdissected at the 2 opposite edges of the same wide neoplastic area, were composed of neoplastic clones not genetically related to each other.
Finally, in the field cancerization model of the oral cavity, after surgical removal of an invasive carcinoma, preneoplastic lesions might not be excised, thus developing into invasive carcinomas [32] . The same has been demonstrated in the breast by several studies performed independently using different molecular techniques that revealed genetic alterations in apparently normal glandular structures located around breast carcinomas [37] .
The evaluation of the extent of mammary field cancerization is still open to question. According to Tot [6] , breast carcinoma arises in a genetically altered mammary lobe and develops mainly along the lobar ducts and TDLUs. Cases 8, 11, 12 and 13 of the present series were characterized by multiple DCIS foci not separated by normal glandular structures. They all appeared clonally related, indicating that the carcinoma extended through the branches of the same lobe. Therefore it appears that in these cases the extent of the cancerized field might only be one lobe. In contrast, the cases presenting multifocal DCIS foci not clonally related on mtDNA analysis might represent involvement of multiple lobes, indicating a wider cancerized field. This latter event appears more frequent in cases of grade 1 DCIS.
In conclusion, the data here obtained indicate the following:
